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SUMMARY

The laminar compressible boundary layer.for two-

dimensional and axfsymmetric stagnation regions

has been analyzed to show the effects of the injection
of a radiation absorbing gas on the incident radiation

field, on enthalpy pr_les, and on heat transfer to the

vehicle surface. It is assumed that the energy emitted

Jrom the eoht foreign gas is negligible compared with

that absorbed. It is shown that the reduction of

radiation heat-tran,_fer rate to the surface by radiation

absorption in the injected gas is accompanied by an

increase in the convective heat-transfer rate. For a

black surface, a saving in total heat transfer is

achieved by injection of an absorbing gas. On the

other hand, for a totally reflecting sul:faee, it 'is not

desirable to inject an absorbing gas because the total

heat transfer is increased. The refleeti_'ity condition
between the totally refleetin 9 and the black surface

extremes below which it is desirable to inject an

absorbing gas is determined. Heat-transfer results

are presented and are compared with those o] the

unshielded ease. The required absorption properties

of the foreign gas are determined and compared with

absorption properties oJ known gases.

INTRODUCTION

In some regimes of high-speed flight, particularly

during entry into phmetary atmospheres at speeds

greater than circular orbit speed, the shock layer

on a blunt body emits thermal radiation which is
incident on the surface of the vehicle. Tlm radiant

flux becomes more intense with increasing flight

speed, diminishing altitude, and increasing body

nose radius. Kivel (ref. 1) analyzes the radiation

heat transfer from the in_fiseid equilibrium shock

layer to the stagnation point. His results show_

for example, that the radiation heat t.rans[erred to

the stagnation region exceeds the eonw, ctive heat

transferred if the nose radius of curvature is

greater than about 1.7 fcct and the vehicle is tray-

cling at 36,700 ft/see (escape speed) at 200,000 feet
altitude. If the shock layer air is not in chemical

equilibrium, the radiant heating may be greater

t]m n that show-n by Kivel for equilibrium air.

The problem of shielding the vehicle surface

from this t.hermal radiation becomes important.

It. is well known (ref. 2) that convective heating

in the stagnation region can be greatly diminished

by the injection of gas into the boundary layer.

The possibility exists that the radiative heat trans-
ferred to the vehicle surface can also be diministlcd

if the gas injected (by transpiration or ablation)

into the boundary layer absorbs radiation. Of

course, the absorption of radiation by the injected

gas raises the gas temperature and thus the tem-

perature gradient of the boundary layer at the

wall, and therefore increases the convective heat

transferred to the vehicle. The question arises as

to whether or not a net. saving of total heat transfer

(convective plus radiative) can be achieved by
injection of an absorbing gas, and if so, what gas

properties arc necessary to reduce the total heat

transfer effectively.

An exploratory analysis (ref. 3) in w]fich the

boundary layer was assumed to be a binary mix-

ture of undissociatcd air and inert foreign gas and
the vehicle surface was assumed to be completely

absorbing yielded encouraging results. It was
shown that injection of an absorbing gas through

the t)lack surface into the boundary layer yields a

substantial saving in total heat transfer. IIow-

ever, if the velficle surface were totally reflecting,

it would not be desirable to inject an absorbing gas

into the boundary layer because, although there

would be no radiative hcttt transfer to i.hc totally

reflecting surface, the convective heat-transfer rate
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would be increased by tile absorption of radiant f, F

energy in the foreign gas near the velficle surface.
Actual surfaces are neither completely absorbing

nor totally reflecting. Somewhere between these g

two extremes is a reflectivity above which the h
total heat-h'ansfer ralc is increased and below

_t °

which it is diminished by injection of an absorbing

gas. This "break even" refleetivity is important I
because above it the injected gas shouhl bc non-

al>sorbing and below it the injected gas shouhl be L
absorbing in order to diminish total aerodynamic

heat ing. L
The purpose of this paper is to study tiw effects

of an absortfing gas injected into the boundary

layer on the combination of convective and radi- j

alive heat transfer to partially reflecting stagna- k
lion surfaces of bluff bodies trawqing at hyper- K

sonic speed. In this paper, many of the result.s of

reference 3 are retained as well as the simplifying 1
assumption that the energy emitted by the foreign

gas is small compared with the energy absorbed.
Tim results of thal analysis as well as of the present Le

paper are made al)t)licable to a mixture of air in n
chemical equilibriuln and an inerl foreign species.

The presenl t)aper goes on to analyze the case of

the partially reflecting wall, and to account for the

reflected radiant energy. The heat transfer is
evahmled and the break-even reflectivily is deter-

mined as a function of the absorption coefficient

of the foreign gas.
It is pointed out that an exact analysis of the

interaction of a radiation field with a mixture of

dissoeiated air and a foreign gas in the compressible

laminar boundary layer is a very difficult problenl

because it requires the solution of a set. of non-

linear, coupled, pa.rlial-differential integral equa-

lions, such as those formulated in reference 4.
For this reason, simplifying assumt)tions are made

which make the problem more tractable, it. is

expected that the results of the analysis retain

significanl aspects of the actual physical beha.vior.
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SYMBOLS

slope of lines in figure 5 and equation

(48)

specific heat at constant pressure

defined by equation (10)

Chapman-Rubesin function, p_*
Pel4e

coefficient of diffusion

P
Pm

Pr,Pr

q

r

r*

ra

8

Sc

T

U=

,g

v

W

x

dimensionless sl,'eam functions

radiation flux

ratio of total enlhalpy to total enthalpy

exterior to the boundary layer

static enthalpy of the mixlure

heat of formation of the ruth species at
0°K

radiation intensity (integrated over

wavelength)

magnitude of tat.easily of incident,
radialion l)eam

magnitude of intensity of reflected
radiation beam

total enthall)y, h+_

thernlal condu('tiviiy

absorption coefficient, defined by equa-

tions (13) and (14)
dimensionless radiation intensity de-

fined by equation (30)
])r

Lewis number, Sc

exponent in equaiion (1), zero for two-

dimensional ease and unily for

axis3mmwtric c_e

pressure
mass rate of production of the ruth

species per unit volume

_Praltdtl ]lullll, er, _ and _k _

total heat-transfer rate (convective

and radiative)

surface reflect ivity

break-even surfitee reflectivity
radins or cross section of body of

revolution

transformed independent variable par-

allel lo body surface (eq. (18))
bt

Schmidt numl)er, oD

temperature
velocity of the free stream ahead of

the bow shock

velocity emnponent paralM to surface

velocity component normal to surface

mass fraetion of foreign absorbing gas

mass fraction of species m, v,n
p

dist.anee along body surface from the

stagnation point

-1 ':i
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y dishuwe normal to body surface

,_ diuwnsionless gas absorption coefficient
defined by equation (36)

fl constant in velocity relationship (eq.

(26))

t7 dimensionless lransformed independ-

ent variable normal to body surface

(eq. rio))
g eoefftcient of viscosity

p gas density
7, stream funelion

r/

SITPFJlSCmI'TS

,,H, derivatives with respect to the inde-
pendent wwinble concerned

SUBSCRIPTS

e properties evahmied at the outer edge
of the t>oundary layer

i radiation ineidenl on body

re properties of the ruth species

r radiation reflected from l>od 3-

w properlies ewlhlated at. the wall

foreign at>sorl>ing gas in the boundary

layer
2 air

a=0 properties of a nonabsorbing gas and
air

fw=0 no injection case: all air boundary

layer

/_=O mixture of absorbing gas and air with
no incident radiation

ANALYSIS

The ph.'ssieal model chosen for analysis is repre-
sented 1>3 sketch (a). The region between tile

bow shock and the body surface is divided into an

BOWshock_

x

:-:i,_Porous surface of vehicle

r Incident 7"_i _
radiation I " '"'_g_: t

Reflected' 4.;:._:" "i
rod ioften '-:":'*',

t

"_ 1' iI I_ Absorbing ga$

._.,:5._:

_oundary layer

../_Sh ock layer

Sketch (a)

inviscid shock layer of hot: radiating air, and a

boundary layer consisting of a mixture of air and

a foreign absorbing gas being injected through and

normal to the porous body surface.

The following assumptions are made regarding

the properties of these regions• Additional as-

sumptions will appear and t>e discussed where they

are needed in tile analysis.

1. The radiant energy is incident on the Oilier

edge or the tloundai'y layer in 1)eluns of radiation

with integrated (over wavelength) intensity of

magnitude /-¢, (ref. 5, eq. (5)), all assumed lo l>e
traveling normal to the wall. Alt]tough [ is

often defilled as the hllensil.v for unit solid angh,,

i! is considered here to be inlensily per mli{ ,lif-

h,reutial t}tiekness of these paralM rays in the

manner or reference 6, page 53. Thus,/is equiv-

alelli lo the 7/ component of the flux of radiaiit,

on er_y.
2. The air williili the boulidar 3- layer is assumed

to lle transparent 1o the incidelit radilltio,l, and

its emitted radiation is neglected in comparison
with lhe ineidenl radialion.

a. The injected foreign gas, whielt will absorb

a port ion of the incident radial ion before it reaches

the body Sllrfaee, }tits al>sorlltion properties wltieh
are assumed to be independelit of the wavelength

of the radiation (i.e., it is a gray gas).
4. Tile surface of 1}re vehMe is assuined to be

eohl and to emit no radiation.

Bee.rose of a gene,'al lack of l¢.nowledge of the

radiation properties of gases, it is advantageous

to specify various properties of the foreign ab-

sorl>ing gas and otherwise l,:eep lhe anal3-sis as

general as possible. In this way, the gas proper-
ties necessary 1o achieve a reduction of heat

lrrmsfer can be determined, after whielt one is in

a position to ask if a gas having these radiation

properties exists.

The partial differentild equalions describing

the laminar compressible boundary layer of a

nfixture of gases (ref. 7) in lhe presence of a radia-
tion field are statements of continuity, the mo-

mentum theorem, conservalion of energy, and

diffusion of species. The first two are expressed,

respeelively, as :

b ,, b
_(pUl'o) +_ (per2) = 0 (1)

/bun IbuX b l bun bp
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Two exactly equiwdent forms of tile energy

equations are listed and will be used sul)sequently

to illustrate the applicability of the solutions to

either a binary mixture of undissoeialed air a,nd

an inert foreign species or a binary mixIure of
air in chemicM e<luilibrium and an inert foreign

species. The two energy cqualions writlcn below
differ only in form; the differences arise from the
definitions of Pr and Pr.

or

where

c---; --v_. /blV.,\
(0)

\ _3"/]p=>-]It ,,,cv," (10)

The ]_eat-lt'a.nsfer rate 'it the wall dtae to convec-

tion, diffusion, and radiation is:

. bj_ bj b/" u bj\_ b r ,/. 1 _b._2/2 -]

q-b (pDEh,_O!I]_']--(livF (3,,)
oy\ oy /

or

P't/_q- Pv_'i/----_k}'_r _y) q- _d[P(1--_r./ _j

The diffusion equ'tlion, written for the I_tlh

species, is

aw., ant a (RD ant,' ppu _x q-p_, O!l i)y _-/= '_ (4)

We will only need this equation for the inert

foreign species (for which P,_=0), so herea.rter,

for this eqmttion we drop the subscript m and
note that "[t" is lhe mass fraclion of the inert for-

eign species. The boundary eondilions for equa-

tions (1) through (4) are

at y=O

t'=v_, u=O, j--j,,, It'-tt',_ (5)

at, y-->¢o

u_u,,, j-->j_, IVy0 (6)

A few relalionships for enthalpy and heat Irans-
fer are needed.

The enthalt>y of tim mixture is defined as

where

h=z (7)

j'0"h,_= Cpm<lT+hm ° (8)

The specific heat al conslanl 1)ressure is

,, aT/,]

bT

01)
Tiffs can t)e rewritten as

_ ,u bj bilL,,]
qw----(_r)w[_.l+ (Le--1) F-' hr_ _)Y _1,_

-- (1--r)I,,_ (12)

First, consider a t)inary mixture of undisso-

ciatcd _Lir and an incrl foreign gas for which h,,_°

(the heat of fortm_tion) is zero. If at every

temperature cp_=cpl (whMl was assumed in ref.

3), then h,a=h_ from equation (8), cv=_ from

equation (9), and Pr=Pr. The third term on

the right-h'md sides of equations (3a) _md (3b)

vanishes, and the forms of the equations (and their

solutions) are identical.

Secondly, consider a mixture of dissociated "tir
in chemical equilibriuna and _tn inerl foreign gas.

For the purposes of Ibis paper, lifts mixture is

considered to be a binary mixture. The inert

foreign species is associated wilh either lhe air
atoms or the air molecuh,s, depending on which

of lhese its molecular weight and mutual collision
cross section nmtehes best (ref. 7, p. M6). The

energy equation in the form (31)) is used and lhe
third term on the right-hand side is omitted by

assuming Le=l. For the same boundary condi-

tions and for a given l'r, the solulions of lab)
under these conditions are i(lenlic_tl with those of

the undissociated mixture (where equation (33)

was used a_nd the specific heats were considered

equal). The heat transfer is also identical

because the middle (diffusion) term on the righl-

hand sides of equalions (ll) and (12) vanishes.
In reference 3, the case of equal specific heats

was studied. The v,due of Pr (or P,.) was 0.72.

However, from the preceding discussion it is seen
that the results of lhat reference as well as those
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of thepresentpaperareapplicableto themixture
of equilibrium air and Foreignspecieswhere
Le=l, Pr 0.72, and it is not necessary lhat the

specific heals be equal.

The las( term ill the energy equalion (3) is the

rate of gain of energy per unit volume due lo the
inhwaciion of the radiation flux with the matter

in [he elemenl volume. For the general case

where [he element of gas volume is exelm.nging

radianl energy (by absorplion and emission) with
all other elemenlary ga_ volumes inside and

oulside lhe boundary layer, the radialion flux is

expressed by inlegTalion over all space. Then

the energy equalion (3) is a parlial-differenlial

integral eqltalion whi(']t is exceedingly difficult to

solve. As menlioned previously, the proltlem

will t)e simplified t)y neglecling lit(, radianl energ37

re,fitted by the al)sorl)ing gas in comparison with

lhe radiant energ3/absort>ed. An energy balance

is slill mainlained, of course; entlmlpy and olher

forms of energy are simply not diminished by
emission of radialion.

The simplification is juslifiable if the rate of

energy emission f,'om lhe foreign gas is smM1
compared with the rate of absorption. This silua-

lion can be realized under the Following circum-

st'tnees. It can be expected a priori lhat a large
mass Fraction of tile cold dense boundary-layer

region (near the wall) will be absorbing gas, but

only a small mass l'raelion of the hot, much less

dense re,on (away fi'om the wall) will lie a.t)sorb-

ing gas. Therefore, the bulk of the al)sorbing gas

is in the dense region which is cold compared

with the shock layer. If the shock layer and
boundary layer are behaving like black bodies and

because lhey both emit ener_- at a rate pro-

portional to the fourlh power of their respective

temperatures, then it. is possible IbM the energy

emitted by the shock layer (and tiros absorbed

by the rorei_ gas) is large compared with energy

emitted by the boundary layer, and the latter
may be neglected.

Until a belter understanding of the energy
emilted From the shoel,: layer is achieved, it is not

possible 1o say if or when the above assumption

is strielly wdid For flight conditions. It can of

course be v'did under laboratory eondilions where

the radiant energy is emitled fi'om an external

high temperalure source. At any rate, by

studying this exlreme of the problem, it. is possible

to gain some insigh[ into the more general problem.

Suffice it lo say llml in the present analysis, [he

radiant ener_: emitted by the absorbing gas is

neglected in h vet or the energy absorbed, and

the results apply when lhat sihmtion exisls.

In order 1o express the last term in equation

(3b), we consider the radialion inlensily in the

y direelion, and account For both the beam

incident on the boundary layer and ils subsequent
reflection From the wall. For eilher lhe incident

or reflected beam, the r,',,'fion or the local inten-

sily absorlwd in lra veling a small dislanee is

proportional to lhe local density of lhe absorbing

gas, and to the small dishmce. Thus, Following
the rorn_ or reference 8 (pp. 5 and 24), rot a fixed

x and the incident beam traveling in the negative

y direclion (toward the wall)

hi,
oy--KmL (13)

and similarly for the refleeled l)eam traveling in
the positive y direction

_L_
Oy ,Kp,]_ 114)

where K is the absorption coetIicient and the

intensity I in the positive y direction is defined
as the difference of the reflected and incident

intensities

I=I,--I, (15)

where positive numbers will be used for both

I_ and L (which are magnitudes only). Because

we have assumed that there is no scattering and

have neglected emission in the boundary layer,
there is only a y component of the radiative

flux 'rod l.hus the last term in tile energy equ'ttion

lab) issimply ; :.

div fi=_L a_'_.__ (la)
i)y by

which is evaluated by means of equations (13)
and 114). The eorrespon(iing boundal T condi-

tions, evaluated '_t the wall as a matter of con-

venienee, are

aty=O

I, = [_,o ]

I_=Irw=rI,,,, ); (17)
and, or course,

I=[_(r--1)
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The l,ev2; transfol'mation (ref. 9), a stream

function, several definitions and assmnl)tions,
and some exterior flow relalionships qre to be

used now to transfo,'m equations (1), (2), (3t)),

(4), (13), and (14) from x and y as independent

variables lo s aml u, as follows:

The l,evy transformation is

s pdzdad'J"dx (18)

?tel,O n Y

' =__T(, fo pa,o, (19)

A stream function is defined so that

b_ pur_ ' be/
@ .... a,," _,,'_'o" (20)

and the continuity equation (1) is salisfh'd. The

following qmmtilies are defined

0(,) =_ (2l)
&

P--_-u=C (ref. 10) (22)
pc#e

where C is assumed conshmt and

from which

"7/
J' (,7)- (23)

.fly)-- .-_ (24)
x'2._,'C

In the axisymmetric blunt l)o(ly stagnation

region it is assumed that

-- _' ('v_u_ f, p dy (29)

Thus for two-dimensional and axisymmelric

flows, ._ is proportional to x 2 and x _, respectively,

while rl is a fmwlion of y weighted by the density
variation. A dimensionless radiation flux is

defined by

L
/--

,(,)=. ,, (:,0)
Formally transforming equations (2), (3t)),

(4), (13), and (14) _o the new indcl)en(len{ v,'tri-

a.1)les ,_ and _ t)y means of the newly defined quart-
lilies and lhe assumptions restllls in the following

set of differential equnlions (with conshmI l)r

and Sc)

f,,, . ff,,=> (q",5 (
...... u_ \ & / 2 o Y

(31)

__ "' ' = 1-- t.f1 g _fg_l,_ u; b 1" .,.,,
Pr 3e . .

(32)

fW' + _c W" = O (33)

I',-cJlT,= O (34)

l; +aWl, 0 (35)

where I1" is now the lo('aI mass fraction of the

foreign al)sorbing gas and is assumed to be a func-

lion of rl alone, and

p,#_(]
_=K-, (,+1)2 (36)

ro=X (25)

AI the outer edge of the boundary layer, the

velocity is described by

u,----fix (26)

and it is assumed that

The 1' in equation (32) is expressed by transform-

ing eqmdion (16) and combining with equalions

(34) and (35).
l' =-- all" (/,+ 1,) (37)

The boundary conditions (5), (6), and (17)
transform to :

9 ""Use of equrdions (25), (26), and (._) in equa-
tions (18) and (19) yields

flmu*x2C"+" (28)
s= 2(n+ 1)

at n=O

/=f_,

at -0_ co

if=o, g_=o, IIEW,,, }l_=I_, l,=l,_=rl,_ (38)

f'-->l, 0-->1, IV->O (39)
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wherejw is proportional to tile rate or injection of

the absorbing gns (as will be shown subsequently)

and tile third of conditions (3S) comes fi'onl the
facts that the wall is much colder titan the flow a!

the outer edge of the boundary layer and the air

is ass'tuned to be in chemical equilibrium.

The righl-haml side of equalion (31) will be

neglected by virtue of the qualitative physical
'u'gumenl el' reference 1l (based on the fact l]mt

lhe surface ienlperalul'e is nm<'[t lower lhan T,).

Equation (31) with the righi-haml side equal 1o

zero is the familiar Bhtsius equalion (ref. 12)

where rj is related to the Blnsius e, fmdJ'(n) ,rod its

derivatives are related lo the Blasius F(_) aml ils

derivatives by

., F(_)
"Ikrl) =_,'6_

,.,,., F'(_) (40)
.J vv =---_

.f" (,7)- F" (_)
2a'2

Equations (40) cause tile t)oumlary conditions o[.

l(_) 1o 1)e COml)atible with tile 1)oun(lary conditions

on l"(_s) and with the values of reference 13. A

solution of equation (31) with lllo right-hand side

equal to zero can be el)brined tit once from ref-
erence 13.

Next, the right-han(1 side of eqmdion (32) will

t)c negh,eted because _/_2<<j_ for the stagnation
region in hypersonic flow. Thus tile similn,'it.v

solutions of equations (33), (34), (35), and

.f'" +jj"-- 0 (41)

]
--g"fi fg'--l' 0 (42)
]>r " " "

sut)je('l 1o boundary conditions (38) a ml (39),

will be sought in which all dependent variables

"u'e a funelion of one independent varial)le n.

The boundary conditions (38) and (39) on tile

diffusion equation are mathenmtieally sumeienl,

1)ul are not very use[.ul for initiating the numerical

hflegraiion at r/=O. For lifts reason, it is neces-

sary 1o choose initial values of IV,,, aml Ii'_' so
tltal (1) a, mass 1)ahmee of the 'dr al the surface

' is satisfied for a given injection rale, and (2)
589751 61 -2

ll'(oo) >0. The assumption that there is no he!

penetrnlion (>f air into the wall through which

the absorbing gas is inje('ied leads to the following
mass balance of the air qi tile wall (where the

first term corresponds 1o the mnss ['ale of molecular
diffusion of air nnd the second term to lhe mass

rate of flow of air)

/OTV\

p ,,.n., [._l.i),9-p..v.. (1- IV,,.) - 0 (43)

which when trnns[.ormed io lhe independent vari-
able rl l)ecomes

1V,/= Se/',_,(1 -- IV,,.) (44)

Formally integrating equation (33) twice, nmMng

use of equation (41), lhe boundary conditions

(38) nnd (39), and equation (44) leads to

I

W"'--I--[ ([_'')a_/j'Sc Ji= ('/"')sg/v'_ (45)

Equation (45) gives the value of 1I;_ which im-

poses the condition that IV(_o)_O. Equalion

(44) gives lhe correspon(ling 11_,' used to begin
the numerical integration of equatio]l (33).

In the radinlion at)sorl)tion law (eqs. (34) and

(35)), the at)sorp(ion coelfieient ae (and therefore

K) is assumed lo be constant, although in prinei-

l)le, Ix7 could be any fmwtion o[' r/ an(l wouhl titus

comply with the simihn'ily requirement.

METHOD OF SOLUTION

Equations (41), (42), (33), (34), ,_,,,1 (35) s,t,-
jeel Io boundary conditions (38) and (39) were

integrated numerically by Ill(, A.dnms-N[oulton

(ref. 14, p. 200, eqs. 6.6.2) predielor eorreetor

method using the IB_[ 704 electronic data proc-

essing machine. Briefly, lhe sequenee of machine

eompulalion was ns fo]lows: I|te qunntilies f,,,,

J,/, f,/', .q,, 1,_, Pr, So, and c_ are specified (.1",,.and
./,/' tire obtained from reference 13 by use of

equations (40)). Equation (41) was inle_'aled

numerically as a convenience ['or llte machine

eomp'ulalion and simullaneously the integral

,lf'_ (.f")S_drl was evahmled for use in oqlla, tion

(4,5). Initial values IV., and IV" were obtni]w(l

from equnlions (45) and (44), respeelively. Two
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values or g,/were u'l)itrtrily chosen. Each value

of g,.' was used separately to integrate equation

(42). Tile values of' glee) resulting from the two

integrations were used to interl)olate linearly to

give an improved value of .q/ so thai g(oo) _1.

The integradon was repeated until tilt, l)oundary
conditions were satisfied. In all the numerical

ex,imples Pr is 0.72, Le is unity, aml therefore
Sc must be 0.72.

DISCUSSION OF RESULTS

Fro,n the solutions of the differential equations

(41), (42), (331t, (34), and (3,5), we first want to

examine some fealures of the solulions in parlic-

ular, the mass dish'|but|on of th(' foreign species

across tile 1)oundary htyer and its effect (through

tic(, absorption coellh.ient) on r_ulialion inteusit/

at the wall, on the radial|on inteusity profiles,

and on enlhalpy profih, s across the boundary

layer. Tl,en atlenlion is (lire(qed [o ,'_ heal-
transfer evaluation for partially refle(qing surfaces

leading to lhe determination of tile break even

reflect ivity (,ondil ion 1heartened previously.

Because most of the results are presented for

specific injeclion rates, it is pevliuent that the

presenhition be prefaced with a brief comment on

injection rate.. Tile symbol.f,,, is the value of the
stream rum.lion at the wall aud can |)e shown io

1)e directly proportiotml to the mass injection

rate by virtue of equalious (20), (24), (18), (19),
and (28) which are eombiued to yieht

(40)

An injection rate corresponding to.f,_=--1.2S3:,_2
leads at once to laminar separatiou (rer. 14-and

eqs. (40)). The solutions in this paper were

obtained for two injection rates; a strong rate

eorrespondiug to the neat' "l)low-off" eonditiou

of.t;_=--l\2 and a weaker rale corresponding

1o .t'_ = -- l :2 _.

FEATURES OF THE SOLUTIONS

For a specified value off,,,, there is one solution

to the nmmentum equation (41). For this speci-

fied injection rate and a given St:, there is one
solution of tile diffusion equation (33) and thus

one profile of mass fraction of the foreign absorl)-

ing gas across tile l>oumlary layer. Figure 1

Q

.7 m J 1

,6

1

2W i

,4 _
if,/_

iIt2 I \
!

' ] I!
I l !

0 I 2 ,3 4 5 6 7 8

Fw, vrn,: 1. The mass fraction of the foreign M)sorbiug gas

as a function of the dimensionh'ss distance from the

surface for two injection rate_,; St: 0.72.

shows two su(.h concentration profiles correspond-

ing to the two injection rates mentioned above.

Tile ordinale IV is thc fraction of the local density

that is duo lo tile foreign gas. 1-t is evidenl as

wns nlentioned in lhe anal)sis thai near lho Sllr-

face (siuil|l r/)_ a large fi'aelion of the densily

(which is also large) is foreign gas, whereas ll.W'ty

from lhe surface (hlrger v), a small fi'aclion of tl,.e

density (which is also small) is foreign gas. Thus

it is evidenl lhat lhe t)ulk of the m,iss of the foreign

gas is in tile lnoro (lense (and therefore lhe cohl)

region of the boundar,,( hi<vcr.
]laving these profiles of foreign ga.s concentra-

lion, we nexl inquire ,is lo their efl'eciiveness in

shiehling lhe su,'race from the tat'ideal radiation.

The fraeihiu of [lie incidenl radialion intensity

which slrikes llie Slll'['aeo is siiown in figlll'e 2 as it

flIIWIioll of tile absort)lion coefficient _. The

equal|on for lhe two curves shown hi l]ie figure is

obhiinod by separating variabh,s and integral ing

oqualion (34) whh'h yhdds

liw --a_ll _ ll'd_/--=e (47)
1,e

;/Tile imegral ll_tn has the values 2.7.3 and

0.968 for .fw=-- lz'_._ and -- 1,."2_:_, respectively.
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FIGURE 2.--Th(' fraction of the incidmd radiation slriking

tI., surface _s a function of the dimensio,d(,ss gas ab-

sorldion eo(,ffM(,nt for Da'o injeclion rat(,s i Sc=0.72.

It is observed thal for a given wdue of the al)sorp-

lion coefficient o_ for tlle higher injection rate

(1,_=--1/_:_.), much more radiMion is absorbed

in the boundary layer. It can be noted tim! if

ce is about 2 or greater, almost none of the ineitlent
radiation reaches the surface.

It is interesting to examine in detail how the

radiation intensity diminishes from the ouler

edge of lhe boundary layer to the surra,'e. Pro-

files or the radiation iidensity across the boundary
layer are shown in figure 3 for the stronger in-

jection f_=--t/_52 for wtrious values of the

absorption coefficient. The solid curves corre-

spon(l to solutions of equation (34) and lhe dashed

curves to solutions of equalion (35) for a. surfitee

refle('livily of 0.6. For increasing wtlues of a,

the region in which most of the absorption takes

place tends to move away rrom the body surface
(n--O).

The dashed curves in figure 3 show that the
same ['ra('lion of the reflected beam is absorbed on

lhe outward passage as that. of the incident beani

on the inward passage. This would be obvious

h'om writing the forntal solution or equation (35)

in terms of qua(h'atures and comparing it with

,.o I .->-/

.8

I
.7 1 q --

2: I/ /
.6 .... .: l/ I

; ra

.4

.5

.2 - rY( Sur fQce -]

,/' reflecg_)vlty|

0 i 2 5 4 5 6 7

Fiort{E 3. Relative intenMty of incident and r(dh,cl('d

radiation as a flmction of the dimensionh'ss distance

frtm) the surface for ._evorat values of dinmnsionh'ss ga_

absorl)tion coefficimd; .f,.=-- 1/_,'2, Sc 0.72.

equalion (47). Thus for al)sorl)tion coefficients

of 0.5 or higher, almost none of tit(, incident ]'adia-

lion finds ils wqy bae]< out of the t)oumlary layer

even though the surfiwe is a good reflector.

The 'd)sorl)tion of radiant energy within the

boundary layer raises the local cnthalpy level.
The influence of absorpiion or enthnlpy can l)e

shown from solutions of |he energy equation (42)

which yield profiles or total enthall)y across the

boundary layer. In the course of the invesliga-

lion, more than 100 examples were compulcd;

some typical entha]l)y profiles are shown in figure

4 for the higher injection rate and no surface re-

fle('tivity. The enthalpy prof'des for surface reflec-

tivity conditions different from zero lie almost on

lop of those shown for the same values el' absorp-

tion coefficient o_ nnd incident radiation intensity
l_. The h)wer curve corresponds Io either no inci-

dent ra(lialion or no absorption. The fetal

enthall)y level at a given distance from the surface
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gas absorption coefficients and incident radiation inten-

sities; black surface, f_.= 1.7_,12, Sc 0.72, _ 0.72.

is seen to be higher if there is al,sorption in the

boundary layer.
The dashed curve corresponds to a very la,'ge

inciden! radialion intensity 1_. It "overshoots"

(i.e., g>l), indicating that the local total enthalpy
(and temperature if it is assumed lo be rougldy

proportional lo total enthall)y) in the boundary

layer exceeds that al the outer edge of the bound-

ary layer. In qsses_ing the significance of lhis
behavior, il is us_.rul to mention Iv,'o situations.
For a model in the wind lmmel where the incident

radiation originates in a lamp thai is at a tempera-

lure nmch higher than the boundary-layer tcm-

peralure, Ihe overshoot eondhion is certainly pos-

sible. In the flight condition, the total enlhalpy

'it the outer edge or the boundary layer will be less

dmn that just behind the bow shock because of the

emission of radiation by the shock layer. There-

fore an enthalpy overshoe[ in the boundary layer

does not necessarily mean tlmt the enthall)y ex-
ceeds the free-stream total enthalpy. IIowever,

lhe question arises whether or not the cold (by

comparison with the shock layer) gas assuml)iion

i_ violaled by an entballu overshoe[ in the 1)ound-

ary layer. Aclmfily, the temperature M lhe ouler

edge of the boundary layer will be less l]mn thai

just behind the bow she(l,: because or emission of
radiation and chemical dissociation in the shock

layer. Therefore, an overshoot in temperature in

the boundary layer (corresponding to the vnlhalpy

overshoot) couhl occur without violating the coh]

gas assumplion. Thus we simply establish the

fact that in tim laboratory or in flight, some over-

shoot is possibh'.

IIowever, n._ a convenienl cut-off point in the

present analysis, sohdions are presented up to,
but not into the overshoot region. It iS wort]t

menlioning thai ['or injection rates lower than

that of figure 4, overshoot is diminished or may

vanish. Thus the region of no overshoot is ex-

tended al lower injection rates. ._,[ol'e will be
said of this in connection wilh a subsequenl figure.

HEAT-TRANSFER RESULTS

It can be seen in figure 4 that the entlmlpy

g]'adienl at the surface is increased if there is ab-
sorption in the boundary layer. This gradient is

of major significance because it is proportional to
tile convective rate of ]le_tl transfer to the surface.

]t is obvious that the reduction of radianl heat,

transfl,r resulting from absorption tends to be

offset by an increase or convective lwal lrallsfer.

In the evnhmtion of this siiuation, it is advanta-

geous to look at the influence of absorpliml cocftl-
(lent, surface reflcctivity, and incident radiation

inlensily on the enthalI)y gradient at the surface.

This is shown in figure 5. The solid lines corre-

spond to black surfaces, and the dashed lines to

retie(ling surfaces. Two features of this figure

are of particular inleres[. First, for a given in-

jection rate, Prandtt numl>cr, absorpl ion coefFwient,
and surfa<'e reflectivily, g,',, is linear with l,,; lhaL

is, .% (g;),,=o+al,_ (4s)

where a=a(a,r) is the slope of the straight line

corresponding lo a given a and r. (The linear re-

lationship couhl be derived analylica]ly, l)ui will

be omitted here.) Second, for the bhtck surl'aee
the lines for a--l.0 and 1.5 lie between those of

a-0.1 and 0.5, indicating that for a given 1_, in-

creasing a first inerea._es the entlmlpy gradient at
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siouh'ss gas absorption coefficient and surface refit'c! ivity;

f_:-- 1g,_2, Sc :0.72, Pi--: 0.72.

the surface, but for higher values of a, the surface

enlhall)y gradien[ lends to diminish (oward the

no absorption value. Physieally, for a given

incidenl radiation intensity, increasing the ab-

sorption coefficient from zero will raise the local

enthall)y near the wall 1)y al)sorl)lion o[' radiant

energy. IIowever, n coetTwient is reached above
whi('h less radianl energy is at>sorl)ed near the

wall, thereby allowing lhe en(hall)yand iis gradi-

enl at the w'dl to diminish. The singh, point for

a=0.3 shown in figure 5 was eomlmled to see if it

lies 1)etween the c_----0.1 and 0.5 lines, which it
does.

The gradients indicated t)y lhe dashed lines in

figure 5 corresponding lo reflecling surfaces lie, as
wouhl be expected, above the t)laek surbwe lines

for Ihe same a_.

So far, it has been shown that in shielding the

surface from radiant energy, the convective heat
transfer (o the surface is increased. It now must

be shown whether or not a net saving in heat

_C

I

I

I

Injection rate

Sketch (b)

(ransfer resuhs from injeciion of an absorl)ing gas.

Inje('iing a nonal)sorbing gas into the boundary

layer will diminish the total heal-lransfer raie to
the stn'fa('e t)y reducing the conveclive parl o[" the

hi'a( lransl'er rale, as for example is diagrammed

by the upper curve in sketch (t)). The injeclion

of an absorl)ing gas might be expecled to diminish
the tolal heal-transfer rate even further (as shown

t)y ihe lower curve in skeich (b)). A comparison
will be made of the (olal heal-transI'er tale wilh

injeciion of an absorl)ing nn(] a nonat)sorl)ing gas
nl lhe salne rate (A will be compared with B).

The total ])eat-transfer rate to a surfa('e lhroug]l

which nn nl)sorl)ing gas is injeci(,d is expressed by

eqm_ti<m (12) whie]) consisls of ('onveclion, diffu-

sion, and radiation lerms. By (ransformaiion

and rearrangement <ff terms, equ,dion (12) can l)e

expressed as

.,.=.,.......,,..j, ((n + 1)flpd_,. =_'' (' 1)l_,,.

Similarly, the (limensioHless total heat-transfer

rate to a surface through which a nonnl)sox'bing

gas is injected at the same rate is

]q'"": ........i"" -- _' -- 1)/.
.i_', + 1)5p,_,,

(,_o)

The denomina(ors of the left-ha)M sides or

equations (49) and (50) contain only exlerior

flow variables which may t)e calculated for a

given fligh( con(lition. The _ is relained on

the righl-hand sides because il is influ(,need 1)y a.
wall condition not cah'ulat)le from a flight condi-

tion. In reference 7, it is evaluated as

('=(P=/_=y (51)
\ Pe#e /

where b is some power determined empirically for

mix(ares that (lo not con(ain a lighl-gas con>

ponent,. Thus for inje('iion of (lifferenl gases
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('tbsorbing and nonabsorbing), tile wflue of C may

differ for a given flight condition because p_#,, will

vary. Reference 8 shows that for mixtures of
atomic and mole('uhtr oxygen and nitrogen con-

taining CO and CN, tile exponent b is 0.2. But
we are concerned with the half power of b in

equations (49) and (50). For a given flighl con-

dillon, if b is a small fi'_w[ional power (0._'2, for

example) p,,,u,_ carl differ from (pw/a,_),,=u by a

substantial amount (almost a factor of :3 either

way) and yet -(P differs from _'C,=o by only a
small amount (about 10 percent). We will sub-

sequently make use of the fact that for b equal to

a small fractional power, (C::C_-o _ 1.
Comparing the heat-transfer rMe with absorp-

tion to that without absorption for a Wen injec-

tion vale by use of equations (49) and (50) yMds

g,_,,,,_b,_om,,on _5-- V (g,,/l ,')q-(1--r)l,:,,, "] (52)
......_°_,,,.o -I_. 7;-,___L(:L/G:-)o=o+ (1-,.):,_J

The comparison is shown in figure 6 for the higher

injection rate (corresponding to .f,o=--1/.(97).

_(7,_=o/C is assumed to be of the order unity,

the figure shows that for the black surf, we it is

advantageous to inject an absorbing gas. The
effevtiveness of this method of shiehting against

excessive heat ing increases with increasing absorp-

lion eoeflqcient and incident radiation intensity.

For oe--l.5, and 1,_--0.5, the total heat-transfer

tale at the sm'faee is diminished by approximately

2/3. Tile stmded region to the right of these

curves corresponds to the enthall)y overshoot
condition. It should be pointed out that for the

lower injection t'ate, overs]mot: is much less severe
and tile no overshoot reNon wouhl be extended to

the right in figure 6. In particular, for a=0.5,

diminishing the injection rate (f,,=--l/-___) by

tmlf (lo ./_=--1/2-¢2) extends 1he overshoot

limit from /i_1.17 lo/,_ 1.95.

It is worlh noting that a eomtfinalion of eqlla-

lions (52), (48), and (47) yiehls an expression for

the curves of figure 6 (although lhe curves were

not obtained by this expression). It is

q wl th absorption

q 11o absorption

m r

L Dr _J \,l'r/i,_=o

(53)

Using, for example, the wdue 2.73 for the integral
(mentioned previously in connection wilh eq. (47)),

-- !

0.72 for Pr, 0.0714 lot" (g,,)G=0, and from figure 5,

the value a 0.160 corresponding to a=l and

r :0 yMds the simple relationship

qw,,,.,,,,,_Ot, on__ /_ (9.009_+0.>7 l,,) (54)q-_o_ _t7_2o k, 0.0992+1_,

0 .2 .4 .6 .fl 1.0 1.2 1.4 1.6

FIGURE 6. Rptio of heat transfer with injected absorbing

gas to that with injected nonabsorbing ga_ as a function

of inektent radiation inlensity for several values of

dimensionless gas absorption coefficient; f,,-=--l/xr2,

black surface. Sc=0.72, Pr=0.72.

which can be used i(7 deserit)e the appropriate

curve in tigure 6.

Before leaving tlte discussion of the black

surface, it is also of inlerest to compare the total
heat-transfer rate with injection of an absorbing

gas to the total heat-transfer rate without injec-

tion (A vs. C in skelch (b)). The dimensionless
total heat-lransfer rate a{ the surf,_,ee without

injection is

1
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(r-1)l,.]" : t. ./s,.-o +
(55)

Tile ralio of equation (49) t.o (55) is

o;

L\I ,'?'_,,-0

Tile comparison is shown in figure 7. The higher

injection rat(, corresponding to./,,=--1/_:_ is used

for the absorption condition in t.lie numerator of

equation (56). Examination of the figure shows

_" .5

='7:_ ......

_1 _,

.2 ----I

o 2 .4 .6 .s t.o _.2 _.4 &
lie

Fit:tomE ?.--Ratio of heat transfer with injected absorbing

gas to that wi0mut injection as a function of incident

radiation intensity for several values of dimensionless

gas absorption coefficimit; f,_=--l/_/2, black surface,

Sc--0.72, Pr = 0.72.

first: of all that for cases involving bhtck surfaces,

it. is lidvantageous to inject a gas whether it. ab-

sort)s radiation or not. As seen before, the heat-

transfer rate is diminished more by injection of

an 'd)sorbing gas. IIowcver, for low levels of
incident radiation intensity, a large absorption
coefficient is not. much more effective than a small

absorption coefficient in reducing the total beat-

transf(,l" rate. Again, for large vahies of incident

t Equations (56), (4_), an:I (47) couM be combined lo obtain the heat-
transfer ratio between injection with absorption and the no injection ea_,
corresponding to equation (53).

radiation intensity, large absorption comTicients

are very advantageous. In particuhu', for c_= 1.5,

the heat-transfer rate is only 1/5 that for ]1o injec-

tion for all values of incident radialion intensity,

and less than 1/2 tllllt rot inje('ting a nonal)sorl)ing

gas if/,_=0.5.
I,ea_qng the t)laek surhiee condition, atlenlion

is now turned to the partially refh,('ting surface.

It has already 1)een mentioned that il is not (le-

siral)le to injeel fin llbsorbilig" gas to shield a lolnlly

reflecting stlrface 1)ecause it would increase llic

total heal [l'liliS['er liy rai.qing the convective heal-

ing rate. Also, the concept ]ias l)een introdu('ed
of it 1)reak oven reflccliviiy condition belween the

totlll],y refle('ting anti bhi(']c sllr['lice conditions
whore tile ]ieal-lrnnsfer rilie al ilie silt'face is lile

same whether t]ie gas is nbsorliing or not. ]2or
surface refleciivities above this l)reak even re-

flectivity, a nonabsorbing gas wouhl provide l)etter

heat-transfer protection and below lind reflec-

tivity, an absorl)ing gas wouhl provide belier hellL

protection. It is sinai)h, 1o show rronl the pre-

ceding development thai for a given injection

l'llt(', the break even stlrface refle('tiviiv is a f/lne-

tion only of the absorption coefficient of the opaque

gas (if _"C_7__0_-_). This is done by setting the
leR-hand side of equation (52) to tinily and ilion

coml)ining it. witll equations (47) and (48). It. is
noted i tlltt, the wdues used for (TTr),=o and _ are

tim same nnd thus (g,',),,=o=(g,P,,)qe=o. The resu|t
is

r*-- 1-- a(,_,r)
__/ -of',,-&

)
The inte_al in die (lenominalor has only one vahle

for a given f,, and ,7c. Thus with Sc fixed, lllld

for a _ven injection r'lte, the break even reflec-

tivity is a function of the foreign gas absorption
coefficient alone. This deriw'd restll, was verified

by ntnnerieal sohllions of the differenlial equa-

Lions, and the resulls presented below are obtained
from those sohitions.

Figure 8 shows the ratio of total heat-transfer

rate with injection or an absorl>ing gas to t.hat with

injection of a non,d)sorbing gas at. the same rate
as a function of l_ for various surface refleetivi-
ties. The curves all correspond to a= 1 and to the

higher injection rate (J'_=llx,_). The bottom

curve is for the black surface, and the top curve
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is for a r,_,fle('tivity of 0.8. The twat-lransfer com-

parison is unity for r 0.733 and is seen to be
independcnl_ of incident radiation intensity l_.

Thus the break even r(,fleclivity condition for a-----1

is r=0.733 if _'C_--_/C_ 1 for the higiwr injection
rat(,.

The break even refle(.tivity conditions for otiwr
values of a were ol)tained in a similar manner and

are shown in figure 9. In general, the t)reM_ even

surface refleetivity increases with increasing for-

eign gas absorptivity a. For surface refleetivities
above tiw line corresponding to a given injection

rat(', heat protection is best "lfforded by injection

of a transparent gas, and below the curve, by in-

jection of an absorbing gas. The figure shows

that the break even reflectivity is diminished

roughly 40 to 45 percent by a 50 percent reduction

of tire injection rate.

In all the results presented in this paper, Pr and

Sc arc 0.72 and Le is unity. If we assume, as in
reference 7, where the convective heat transfer
with mass addition and chemical reactions was

studied, that the heat transfer is not greatly

affected by small deviations of Le h'om unity, we
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Fm_-r¢],: 9. Brq,ak¢,vt'n r(,fl(_ctivity as a function of dim(,n-

siotfless gas abso|'plion cocffh'i('nt for two inj_'ct ion |-ales;

Sc 0.72, Pr 0.72.

can study some (,ffe(qs of variations in l'r and 5;c

and still omit the diffusion term in the energy

equation (3t)). For sinqflicity, it is further as-

Slln]O(1 tirol _ _ _' -=0 and that the nonabsorlfing

injecled gas used for a stamlard of comparison

has values of (TT'),=0 and (So),=0 of 0.72. Then

the results of several computed examples in which

Pr and Sc were wu'ied l)y about 10 percent sttow

the following trends. An increase in Ib' tends to
diminish the convective ]mat transfer in the ab-

sorl)ing gas case. Also, an increase in Sc tends |()
diminish the radiative heat transfer in tire absort)-

ing gas mixture. Ilenee, the ratio el' total heal

transfer with injection of an absorbing gas to that

with injection or a nonabsorbing gas de('reases

with increasing Pr and Sc. However, tire r,Jtio

appears to be more affected t)y variations in Pr
than by comparable variations in Sc. Thus the

break even refleetivity is more sensitive to Pr than

to Sc and increases with increasing Pr.

Finally, now that tire influence of the dimen-

sionless absorption coeffwient a on heat transfer

and break even refleetivity has been determined,
it is instructive to examine t|te corresponding

wdues of the actual physical absorption coefficient

K of the absorbing gas and inquire whether or
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not. gases with such ahsorption coefficients exist.

The required K is dependent on the flight con-

dition hy virtue of its relationship with a @%

(36)). For a flight speed of 31,000 feet per

second at 165,000 feet altitude, and body nose
radii of 1 to 10 feet, K is of the order of 10 '_ to

t0 7 square feet per slug for values of a ranging
from 0.1 to 1.5.

Unfortunately, little is known of the absorption

properties of even ordinary gases especially at

conditions corresponding to the flight regime in

which radiant heating is important. 5[easure-

monts of Eckert and others (ref. 15, pp. 384 386)

on carbon dioxide and water vapor can be in-

terpreted to give an equivalent "gray" K for

purposes of this discussion. It, appears that
earl)on dioxide has an ahsorption coefficient or the

or<ter of 10 square feet per slug at ordinary pres-
sures for temperatures up to 1600 ° C. The

coefficient for water vapor is rougtfly an order of

magnitude higher than that of carbon dioxide.

It is interesting to find that at least three vapors

have considerahly higher absorption coefficients.

These vapors arc not inert, and their diffusion

through dissociated air has not been analyzed.

They are mentioned only to illustrate the existence

of highly ahsorbing gases. They art, the alkali
vapors; cesium, potassium, and rihidium. All

three have ahsorption coefficients of the order

of 104 square feet. per slug at 0 ° C and 1 mm

Ilg in the wavelength region 2000 to 3000

(which can be shown from ref. 16). It is interest-

ing to note in reference 17 that the NO of dis-

sociated air at 8000 ° K at 85 percent atmospheric

density emits its peak radiation in this same

wavelength region. There is a possihility that

gases exist which have slill higher ahsorplion
coefficients at. higher temperatures and pressures.

CONCLUDING REMARKS

There are several interesting results of this

analysis concerning the effects of injecting an

ahsorbing gas in the stagnation region of a hlunt

body traveling at hypersonic speed. At a blacl_
vehicle surface, the reduction in the radiation

heat-transfer rate by radiqtion absorption in an

injected foreign gas is accompanied by an increase
in the convective heal-transfer rate. However,

under some circumstances, the net effect is that

a saving in total heat-transfer rate (radiative
plus conveetive) or as mueh as 2/3 can be achieved

(at leqst in theory) by injeeting an absort)ing gas

rather than a nonahsort)ing gas into the boundary

layer.

For a weakly reflecting vehicle surface, the

total lwat transfer is reduced 1)y injecting an

absorbing gas into the boundary layer. This

thermal protection diminishes to zero as the

surface reflcetivity increases up to the break

even reflectivity condition. For surface reflec-

t iviiy above the break even condition, injection
of a transparent gqs offers better heat protection,

and below that reflectivity, an at)sorbing gas

offers better heal protect ion.

In tlw examples studied, the break even surface

reflcetivity is shown to be a function of the

absorption coelTwient of the foreign gas and to

increase with increasing absorption coeffwient.

The break even reflectivity is quite high, ranging

from about 0.5 to 0.8 for a high injection rat(,
and is almost proportionally lower for the lower

injection rate considered, ranging from about

0.29 to 0.46. Thus for many oxidized or non-

metallic surfaces, the refleetivity would be below
the break even condition and it. would be ad-

vantageous [o inject an absorhing gas.

The at)sorhing gas nmst have a high ahsorl)lion

coefficient (several orders of magnitude higher

than wqter vapor) to effectively reduce tile total

heat-l.ransfer nile to the stagnation region. It
wouhl 1)e desirable to determine the absorption

coefficient and other physical properties (Pr, Sc,
Le) of various gases. This should be done not.

only to find those that are useful ahsorhers but

also to find those that are transparent for use

with highly reflecting surfaces.
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